Synchrotron X-ray imaging is constantly achieving higher spatial resolution. In the field of grating-based phasecontrast imaging, these developments allow to directly resolve the interference patterns created by a phase grating without need for a analyzer grating. In this study we analyzed the performance of a single-grating interferometer and compared it to a conventional double-grating interferometer. Based on simulations and measurements of a test phantom we evaluated the sensitivity, resolution and signal to noise ratios of different setup configurations.
INTRODUCTION
Differential phase-contrast imaging (DPC) has proven to be a valuable tool when investigating weak absorbing materials like soft tissue, due to its increased contrast compared to conventional absorption-contrast imaging.
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The most common type of grating interferometer consists of two gratings, a phase grating and an analyzer grating.
3, 4 Although a two-grating interferometer comes with a high sensitivity its performance is mainly limited by the feasible aspect ratio of the analyzer-grating structures. The period of these structures (state of the art 2.4 µm) has to be smaller than the used pixel size and have to be highly absorbing which strongly limits the usable energy range. To achieve grating structures with the necessary aspect ratio is still the critical part in grating production. 5, 6 In contrast to this, a single-grating interferometer comes with several advantages: The absence of an analyzer grating increases the photon flux at the detector plane by almost a factor of two and at the same time allows for using this type of interferometer at any energy. Additionally, the setup itself is more stable and easily adjustable. With a single-grating interferometer it is also possible to use two different modes of phase-retrieval: The so-called stepping approach 7 and the singe-shot or fringe analysis approach. 8, 9 These two modes make the same interferometer usable for high-resolution phase-contrast imaging and for very fast measurements. Main requirement for this type of setup is a detector system with a high spatial resolution, that allows to resolve the interference pattern directly. The microtomography endstation at the beamline P05 10, 11 is operated by the Helmholtz-Zentrum Geesthacht at the synchrotron radiation storage ring PETRA 3 at DESY, Hamburg, Germany. The imaging detector consists of a CCD-camera and a magnifying optics, which results in an effective pixel size between 0.3 µm and 2.4 µm. This is an ideal basis for high-resolution phase-contrast imaging using a single-grating interferometer. Here we will present our investigations of a single-grating interferometer based on simulations. Focus of these calculations is on the reachable sensitivity, depending on the grating period and the effective pixel size, as well as on the spatial resolution of the setup. For experimental verification we will compare the performance from a conventional 2-grating setup to the single-grating interferometer on the basis of a test phantom tomography.
SIMULATION METHOD
For simulations in this study all gratings were assumed to be perfectly fabricated and therefore were represented by one-dimensional functions with a duty cycle (ratio of bar width to grating period) of 0.5. The incoming wave was always assumed as perfect plane wave. For a certain phase shift ∆φ and the attenuation coefficient µ, dependent on the grating material and X-ray energy, the resulting wave front behind the phase grating with height d 0 is defined as:
The dependency on x of the variables is used to distinguish between grating bar (d = d 0 ) and gap (d = 0). This modified wave front is propagated along the z-axis applying the Fresnel propagator
in Fourier space with F denoting a Fourier transformation and F 1 denoting an inverse Fourier transformation:
The resulting intensity pattern at the detector plane is then given as
These equations were used to simulate a single grating interferometer with varying grating period p and adjusted pixels size s (
To analyze the performance of each setup the projection of a test pattern, consisting of silicon rods with a square cross-section of different edge-lengths (Figure 1 ), was simulated using the stepping approach. For later comparison with the experimental data, the simulations assumed a photon energy of 20 keV.
EXPERIMENTAL SETUP
As sample for this study we prepared a test phantom consisting of several polymer and metal rods embedded in hot-melt glue (composition not known). The used material are Polyamide 6.6 (PA66, Ø 1.5mm), Polymethylmethacrylate (PMMA, Ø 1.1 mm), Magnesium (Mg, Ø 1.5 mm), Polychlortrifluorethylene (PCTFE, Ø 1.5 mm), Polytetrafluorethylene (PTFE, Ø 1 mm), Aluminum (Al, Ø 0.25 mm). The CCD camera used for this experiment is based on a Kodak KAF -09000 chip with 3056 pixels in width and a pixel size of 12 x 12 µm 2 and a depth of 16-bit. Our phase grating had a period of 10 µm with a structure height of 21 µm made of nickel for the single-grating setup and a period of 4.8 µm with a structure height of 14 µm for the two-grating setup. The analyzer grating needed for the two-grating setup had a period of 2.4 µm and gold structures with a height of roughly 100 µm. All these gratings were produced by the Institute for Microstructure Technology at the Karlsruhe Institute of Technology using the LIGA-process. 12 The experiment was performed at an photon energy of 20 keV . At this energy the gratings induce at phase shift of 3π/2 for the single-grating setup and a π-shift for the two-grating setup. With the single grating setup, the detector was positioned 40 cm from the phase grating, which corresponds to half of the first fractional Talbot distance, to avoid too strong blurring occurring from a strong signal and the beamplitter characteristics. For the two-grating setup the tomogram was taken at the third fractional Talbot distance (13.9 cm). For each scan 900 projections were taken covering a rotation of 180
• , with each projection consisting of a stepping series with three steps (four images in total). The retrieved phase projections were binned by a factor of two in case of the single grating setup where we need to resolve the interference pattern. For the data obtained with the two grating setup, the binning was already performed before phase retrieval. The data-sets were reconstructed using filtered back projection 13 retrieving volumes with an isotropic voxel size of (4.94 µm) 3 . 
RESULTS

Simulations
The simulations for every grating interferometer show significant blurring at the edges of the test patter, increasing with the propagation distance ( Figure 1 ). This blurring is a result of the beamsplitter characteristic of the phase grating and can be observed due to the small pixel sizes used. From the diffraction equation for small angles
we see that the blurring will be inversely proportional to the grating period p and is scaled proportional to the propagation distance due to the geometric magnification. Figure 2 shows how the blurring affects the obtained phase-shift values at the edge of a rod. The red dotted lines mark the area, where the deviation of the signal from the theoretical value is lower than 5%. The blue lines mark the odd fractional Talbot-distances. The distinct distance where the signal rises over 105% or falls below 95% of the theoretical signal will be called critical distance d c in the following. The Talbot-distance is inversely proportional to p 2 , thus a larger relative propagation distance (in terms of the Talbot-distance) is applicable the smaller the grating period is. To compare the performance of the different setups we calculated the sensitivities of each setup, which depends on the propagation distance d, grating period p, visibility V and the photon counts N . Figure 3 shows the comparison of the sensitivity for the case that the visibility of each setup is almost not affected by the optical components of the whole setup and a more realistic case where a Gaussian-shaped PSF (FWHM=1 µm) is added to the simulation. The comparison of the sensitivity up to the relative critical distance shows an advantage in reducing the grating period and enlarging the relative propagation distance, if the visibility is comparable to a setup with a larger period. For a camera system showing a not negligible PSF the sensitivity drops rapidly with smaller grating periods, because the visibility is lowered until the interference pattern is not resolvable anymore. In this case such small grating periods can only be used in a two-grating setup. For this type Figure 2. The image shows the obtained signal of single-grating setups with varying phase-grating periods. The red dashed lines mark the area where the signal varies less than 5% from the theoretical value. For the setups with a 10 µm and 7 µm period the critical distance where the signal varies more than 5% is shorter than the 1st fractional Talbot-distance. For the setups with a 5µm and 2.4µm periods the exact position of the critical distance is covered by imprecise signal values in the area of the 2nd and 4th fractional Talbot-distance.
of setup the second grating preserves the contrast of the interference pattern, but reduces the photon counts to almost 50%. Figure 4 shows the projection of the test pattern at the distance with maximal sensitivity below the critical distance for a setup with a period of 10 µm and 2.4 µm, respectively. For both setups the smallest structures with 1 µm width are still detectable. Nevertheless, the achieved signal for the small structures strongly differs from the theoretical value up to a structure size of 12 µm and 9 µm, respectively. By reducing the propagation distance of the 2.4 µm period setup to the first fractional Talbot-distance, correct values are achieved for structures with a size of 3 µm or larger.
Experimental
To compare the performance of the single-grating setup with a conventional two-grating setup, we analysed the reconstructed volume of a test-phantom as described in section 3. As main performance indicator the quantitative values obtained from the different phantom materials were taken together with the achieved signal to noise ratio. The comparison of the sensitivity shows an advantage in using smaller grating periods when the achieved visibility is in the same range as for larger grating periods (optimal visibility). By adding a not negligible point spread function to the simulations (realistic visibility), the sensitivity drops dramatically for small grating periods. The plots are compared to a conventional two-grating setup with 2.4 µm grating periods. Figure 4 . One dimensional projection of a test pattern for a setup with a 10 µm period grating and a 2.4 µm period grating at the distance for maximal sensitivity (40 cm for single grating,3rd fractional for double-grating). In both setups, structures down to a size of 1 µm are visible, but lack of a correct signal value for the small structures. For a shorter propagation distance (1st fractional Talbot-distance) the 2.4 µm period setup is able to give a correct (but much smaller) signal for structures to a size down to 3 µm (red lines). For the single grating setup, the visibility would drop too fast for even smaller distances which doesn't allow for reasonable measurement.
reach a comparable precission in the retrieved values. The signal to noise ratio on the other hand is clearly stronger for the single-grating setup. Main reason for this lies in the absence of the analyzer-grating. Without this second grating the photon flux at the detector plate is almost doubled. An additional effect is that grating imperfections of the analyser grating are imprinted to the single projections and therefore cause artifacts in the reconstructed slices. Due to the small grating periods of the two-grating setup, it is more vulnerable to phase-wrapping than the single-grating setup. Therefore more artifacts at the edges of the single rods occur. These streak artifacts also lower the signal to noise ratio and are clearly visible in the reconstruction shown in figure 5 . 
SUMMARY AND DISCUSSION
The simulations of a single-grating interferometer predict the possibility to realize a high sensitive setup for differential phase-contrast measurements, which is limited by the available propagation distance. Due to the beam-splitter characteristic of the phase-grating and the small pixel sizes the usable propagation distance is severely limited to avoid strong blurring of the projection. Smaller grating periods allow to go for higher fractions of the Talbot distance, but are more vulnerable to the point spread function of the optical components of the experimental setup. The investigation of the reachable resolution of the different single grating setups reveal that even with a period of the phase grating structures of 10 µm sample structures down to 1 µm are detectable. Nevertheless, all setups fail giving reliable signal values for structures in the range of 1 µm and 10 µm at distances for high sensitivity. Aiming at a high-resolution single-grating interferometer these limitations lead to a setup with a small phase-grating period (state of the art: 2.4 µm). Using such small grating periods require a detector system of the experiment where the FWHM of the PSF does not exceed 10% of the grating period to achieve an adequate visibility. For an experimental setup with a larger PSF, a two-grating setup is required using these periods. Additionally, the propagation distance between grating and detector has to be kept as short as possible to avoid loss of accuracy due to image blurring occurring from the beam-splitter characteristic of the phase grating and the signal itself. The experimental evaluation of the tested single-grating setup and the comparison to a two-grating setup confirm the results from the simulations. In our measurements we could show the signal to noise ratio and image quality is much higher for the single-grating setup than for the two-grating setup. Especially for grating interferometers aiming on a high spatial resolution the setup benefits a lot from the absence of an analyzer grating. Due to the pixel size in the range of the grating period, a two-grating interferometer shows a strong vulnerability to grating defects. A single-grating interferometer not only profits from the easy setup and stability, but also from the large propagation distance which allows for a very high sensitivity. To analyse the performance in terms of spatial resolution further experiments have to be performed. Especially the influence of the large propagation distance in connection with materials giving a strong signal is a critical point that has to be taken care of.
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